We present a new extended gamma ray excess toward the Galactic Center that traces the 3.4 micron infrared emission morphology. Combined with its measured spectrum, this new extended source is consistent with inverse Compton emission from a high-energy electron-positron population with energies up to about 10 GeV. Previously detected emissions tracing the 20 cm radio, interpreted as bremsstrahlung radiation, and the Galactic Center Extended emission tracing a spherical distribution and peaking at 2 GeV, are also detected. We show that the inverse Compton and bremsstrahlung emissions are likely due to the same source of electrons and positrons. All three extended emissions may be explained within the framework of a model where the dark matter annihilates to leptons or a model with unresolved millisecond pulsars in the Galactic Center.
Introduction-The Fermi Gamma Ray Space Telescope Large Area Telescope (Fermi LAT) has observed with unprecedented detail the "heart of darkness" of our Galaxy: its gravitational center. The past few years have revealed that there are a large number of new point sources [1] as well as new diffuse emission [2] . In addition, a large extended source, the Galactic Center Extended (GCE), has been detected by a number of groups [3] [4] [5] [6] [7] and is robust to uncertainties in the diffuse emission foregrounds in the region [8] [9] [10] [11] . The high-energy radiative processes that produce gamma rays are often commensurate with production or acceleration of related relativistic charged particle cosmic rays. Astrophysical processes include diffusive shock acceleration, magnetic reconnection, "oneshot" acceleration across high-voltage electric fields, and many other possibilities. Another source that can produce both cosmic rays and gamma rays are the products from candidate dark matter particle annihilation or decay. The significance of the Galactic center as a bright source for dark matter annihilation photons and cosmic rays has been known for some time [12] . High-energy charged particles, deposited either from astrophysical sources or dark matter annihilation, experience various propagation and energy-loss processes in the Galactic Center region. There has been recent work discussing how bremsstrahlung and inverse Compton (IC) effects could alter the prompt spectra coming from dark matter annihilation [13, 14] . What we show here, for the first time, is that these separate components-prompt, bremsstrahlung and IC-can be separated with morphological as well as spectral information. In particular, we report the discovery of a new extended component of * kevork@uci.edu † ncanac@uci.edu ‡ horiuchi@vt.edu § mkapling@uci.edu ¶ akwa@uci.edu the gamma-ray emission toward the Milky Way Galactic Center that is spectrally and morphologically consistent with a population of electron-positron (e ± ) cosmic rays producing gamma rays by upscattering starlight through the IC process. Secondly, we confirm the presence of an emission consistent with bremsstrahlung radiation, and find that this emission can be produced by the same population of e ± impinging on the high-density gas in the Galactic Center. Lastly, we confirm the presence of a GCE source (peaking around 2 GeV) that has a centrally-peaked morphology consistent with dark matter annihilation. We show that the IC, bremsstrahlung and GCE components could all have originated from the products of dark matter annihilation. This explanation is not unique in that an unresolved population of millisecond pulsars or two independent astrophysical sources could produce these signals. Method and Results-We use Fermi Tools version v9r33 to study Fermi LAT data from August 2008 to June 2014 (approximately 70 months of data). We use Pass 7 rather than Pass 7 Reprocessed instrument response functions since the diffuse map associated with the latter have strong caveats for use with new extended sources. Our procedure is similar to those described in Ref. [9] . We simultaneously fit the amplitude and spectrum of point sources from the 2FGL catalog [1] , plus four other point sources in the ROI, as described below, in our region of interest (ROI) 7
• × 7
• around the GC centered at b = 0, = 0. We use 0.2 − 100 GeV photons in 30 logarithmically-spaced energy bins. To enhance spatial resolution, we use ULTRACLEAN-class photons binned in an Aitoff projection into pixels of 0.1
We include the 20 cm radio template as a tracer of gas to account for the bremsstrahlung emission as has been done previously [2, 9, 15] . To test the possibility of IC emission from starlight due to this same population of e ± , we use the 3.4 µm template for stellar light from the WISE mission [16] , at which wavelength dust obscuration of stellar light in the ROI is minimized. Note that the FIG. 1. Shown in the top row are the residual photons (left) and best fit model (right) associated with the projected interstellar radiation field template in its peak intensity bin, 0.325 GeV < Eγ < 0.414 GeV, where the residual map has been smoothed with a Gaussian of σ = 0.9
• (to roughly account for the point-spread function). The middle row shows the residual photons (left) and best fit model (right) associated with the projected dark matter density squared template in its peak intensity bin, 1.59 GeV < Eγ < 1.95 GeV, where the residual map has been smoothed with a Gaussian of σ = 0.4
• . The bottom row shows the residual photons (left) and best fit model (right) associated with the 20 cm radio map in the same energy bin and with the same smoothing as the middle row. Residual and model maps have the same color scale for each row. This analysis used ULTRACLEAN-class photons.
expectation that the IC emission will trace the starlight is only valid in the limit of significant diffusion. If diffusion is negligible in the Galactic Center, then the IC will track the morphology of the e ± source.
We use a 14
• template because of the broad
The residual spectra (points with errors) and bestfit model spectra for the projected interstellar radiation field (golden triangle), gas (pink circle), and dark matter density squared (blue square) templates. ULTRACLEAN class photons are used for this analysis.
PSF of Fermi-LAT producing contributions outside of the ROI, particularly at low energies consistent with the IC photons. As in Ref. [9] , we also include the New Diffuse (ND) map whose intensity increases with angle away from the GC. We have optimized the morphology of the GCE excess and ND templates to their best-fit profiles, as in Ref. [9] . To optimize the GCE excess, we used templates of ρ(r) 2 projected along the line-of-sight with ρ(r) ∝ r −γ (r + r s ) −(3−γ) and found that γ = 1 provided the best-fit. The best-fit new diffuse template increases with projected distance from the Galactic Center as θ 0.3 . It is worth noting that our GCE template is somewhat less steep than found previously, 1.1 − 1.4 for the inner slope of the density profile [7] [8] [9] .
In our analysis, we include two previously dicovered point sources, 1FGL J1744.0-2931c and "bkgA" [2] , and furthermore discover two new point sources, PS1 and PS2, at , b of 356.616
• , 1.009
• and 356.829
• , −0.174
• with large test statistic (TS) values of 168 and 140, respectively 1 . PS1 has a spectrum consistent with a LogParabola, is near numerous X-ray and radio sources including, e.g., 1RXS J173331.6-311522, and could be in the plane of the Galaxy or extragalactic. PS2 has a spectrum consistent with a power law, and is near the supernova remnant G356.8-00 and compact radio source G356.9+0.1 [17] . They are at the edge of our ROI, and our conclusions regarding the IC, bremsstrahlung and GCE sources are not qualitatively affected by their inclusion. We choose to keep them in our models.
All the 4 extended sources (GCE, ND, IC, Bremsstrahlung) were given generic log-parabola spec-tral forms with four free parameters each. We detect the WISE 3.4 µm template at very high significance of TS = 197.0. The previously studied sources were also detected at high significance. The GCE was detected with TS = 207.5, bremsstrahlung was detected with TS = 97.2. These sources and best fit models are shown in Fig. 1 , and the resulting residual spectra and best-fit log-parabola models are shown in Fig. 2 .
Interpretation and Discussion-We discuss here how the detected IC emission is consistent with arising from the same population of e ± as that producing the bremsstrahlung emission. In addition, we show that the GCE, IC, and bremsstrahlung emission can all arise from dark matter annihilation to leptons.
Apart from the dark matter interpretation [5] , the GCE has been proposed to be emission from millisecond pulsars (MSPs) [6, 18] or episodic hadronic [19] or episodic leptonic cosmic ray injection [20] . Pulsars have the right conditions to produce energetic e ± cosmic rays [21] and hence, in principle, MSPs could explain all three excesses: the GCE excess due to the gammaray emission from their outer magnetosphere, and the IC and bremsstrahlung resulting from the e ± that are produced along with gamma-rays in cascades [22] . Hadronic emission is less promising because it has trouble with the observed symmetry of the GCE . The IC emission must arise from a leptonic channel, perhaps secondary e ± produced due to hadronic interactions or a separate channel such as leptonic cosmic ray emission from star formation activity.
The fact that bremsstrahlung and the GCE spectrum could originate from a broken spectrum of e ± resulting from dark matter annihilation has been discussed previously [2, 23] . Below we argue that the bremsstrahlung and IC spectra may naturally be related to the same e ± population, which in turn could be connected to the origin of the GCE excess.
Lets consider a population of e ± with energy E c . The resulting IC photons have typical energies of (E c /m e ) 2 hc/(1 µm), where we have used the fact that the spectral energy distribution of the interstellar radiation field peaks around a micron. Assuming E c = 10 GeV results in an IC spectrum that cuts off rapidly by 1-2 GeV. The bremsstrahlung spectrum for the same population is broader in energy and extends up to E c . Both these predictions are qualitatively consistent with the spectra shown in Fig. 2 . To test the consistency of the spectra with this simple picture further, we build a simplified model of diffusion and energy loss in the Galactic Center.
The e ± in the products created by dark matter annihilation lose energy through three distinct process [24] : (1) IC, which leads to upscattering of the interstellar radiation field (ISRF) photons, (2) bremsstrahlung (Br) radiation off the gas, and (3) synchrotron radiation in the Galactic magnetic field. We focus on the first two components in this letter. The differential flux of photons for   FIG. 3 . Shown here is an example 8 GeV dark matter annihilation model with equal branching to all charged leptons, e ± , µ ± , τ ± , with the residual spectra of the prompt GCE (blue square), IC (golden triangle), and bremsstrahlung (pink circle) sources. The blue (dashed) GCE spectrum is is determined by the particle mass and annihilation rate fit to the observations. The solid predicted resultant spectra for this annihilation channel's IC (golden) and bremsstrahlung (pink) cases are in solid lines. ULTRACLEAN class photons are used for this analysis.
these two components may be written as,
dP IC,Br dE (1) where FOV and LOS indicate integration over the field-of-view and line-of-sight respectively, dP IC /dE and dP Br /dE are the differential power emitted per electron due to IC and bremsstrahlung processes. For bremsstrahlung, we include energy losses from atomic H and He. To get the source energy distribution of electrons, positrons and gamma rays, we use the software PPPC4DMID [25] . The number density of electrons and positrons per unit energy, dn e /dE e , is computed after including diffusion and energy losses according to the prescriptions in Refs. [13, 26] .
To propagate the e ± , we assume a spatially constant diffusion coefficient K(E) = K 0 E δ , with K 0 and δ set to the "MED" model [26] (often used for diffusion in the local neighboorhood). The diffusion process is largely unconstrained in the Galactic Center and variations away from the assumed parameters have significant effects on the magnitude and spatial profile of the IC and Br signals. Also, the analytic description for diffusion does not allow for spatially-varying energy loss terms and we have assumed average values for the ISRF energy density and the gas density to create the model spectra for comparison. These choices, however, serve to illustrate our two main points that (a) the IC and bremsstrahlung spectrum could be due to the same lepton population, and (b) a single mechanism could explain the morphologies, strengths and spectra of the three distinct Galactic Cen-ter extended excesses.
For the average gas density and magnetic field strength, we assume 3 cm −3 and 3 µG, which are reasonable given the large uncertainties at the Galactic Center [14] . We use the radiation density of ISRF photons included with GALPROP v50 [27, 28] . Since our FOV is ±0.5 kpc of the Galactic Center, we use the value of the ISRF energy spectrum tabulated for R = 0, Z = 0.25 kpc in GALPROP v50 as the average over the region contributing to the IC flux.
Our final estimates for the IC and bremsstrahlung excesses are, where dP IC,Br /dE are computed using the average ISRF and gas densities and dn e /dE e is averaged over the inner 0.5 kpc (in keeping with the small FOV). The factors IC and Br depend on the details of the deprojected ISRF and gas densities. For a consistent solution we expect them be O(kpc).
The GCE, IC and bremsstrahlung spectra in the case of a minimal "democratic" e ± : µ ± : τ ± = 1 : 1 : 1 annihilation channel is shown in Fig. 3 for particle mass m χ = 8 GeV and annihilation cross section σv = 3.6 × 10 −26 cm 3 s −1 . The best-fit dark matter mass when fitting to the GCE excess is closer to 7 GeV. In this model, the gamma rays from the τ ± dominate the prompt flux and explain the GCE excess. In Fig. 3 , we have shown IC and bremsstrahlung model spectra using Br = IC = 1.3 kpc. We caution the reader that no attempt has been made to fit to all three components simultaneously.
The value of the cross section used to create the spectra in Fig. 3 is ruled out by AMS-02 constraints on WIMP annihilation to leptonic channels [29] . However, the required cross section depends sensitively on the assumed density profile. For example, if we assume a scale radius (r s ) of 10 kpc and γ = 1.2 (keeping the local density unchanged at 0.3 GeV/cm 3 ), the required cross section is a factor of 10 smaller. We have checked that such a profile is consistent with the expectation that the dark matter halo undergoes adiabatic contraction [30] due to the formation of the disk and bulge of stars. On the particle physics side, some of this tension may be relieved by considering annihilation through a vector mediator, which softens the final e ± spectrum.
Conclusions-We have detected a new excess in gamma rays toward the Galactic Center that spatially traces starlight intensity. The spectrum of this new source is consistent with that produced by high energy electrons and positrons with energies up to about 10 GeV, upscattering starlight. The population of electrons and positrons required to produce such an inverse Compton emission would also produce bremsstrahlung radiation due to interactions with the dense gas at the Galactic Center. We detect a gamma-ray excess tracing 20 cm radio map and show that its flux spectrum is consistent in both shape and amplitude with bremsstrahlung radiation from the same population of electrons and positrons. We show that the Galactic Center extended excess that peaks around 2 GeV is also detected at high significance and that a dark matter model with annihilation to leptons may provide a consistent explanation for all three excesses. While this consistency with three excesses in terms of signal strengths, spectra and morphologies is remarkable, other astrophysical explanations exist that deserve detailed investigations. Infrared, radio and gamma ray data as incorporated in this work has allowed complicated high-energy emissions seen toward the Milky Way's Galactic Center to be disentangled, and this multiwavelength approach may help us to further elucidate the true origin of these excesses. 
